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ABSTRACT 
This paper descr ibes  a new magnetic core c i r c u i t  t h a t  i s  used 
t o  supply power i n  the  proper phase and time sequence t o  a b i -d i r ec t iona l  
s tepping  motor. 
motor from a non-standard vol tage power supply and includes a means for 
maintaining a constant  energy pulse  e x c i t a t i o n  over a wide range of 
d-c power supply input  vo l tage ,  a means f o r  supplying power t o  t h e  
winding of t he  motor on p a i r s  of i so l a t ed  conductors and a means f o r  
conductively i s o l a t i n g  the  low leve l  l og ic  c i r c u i t s  from the  high l eve l  
power c i r c u i t s .  
This c i r c u i t  w i l l  power a s tandard vol tage s tepping 
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INTRODUCTION 
T h i s  pape r  d e s c r i b e s  a n  e l e c t r o n i c  c i r c u i t  t h a t  g e n e r a t e s  
t h e  correct v o l t a g e  p o l a r i t i e s  and  a m p l i t u d e s  i n  t h e  p rope r  
s equence  f o r  o p e r a t i n g  a b i - d i r e c t i o n a l  s t e p p i n g  motor from a 
d-c power s o u r c e .  The b a s i c  d e s i g n  can  be used  t o  d r i v e  a wide 
r a n g e  of s t e p p i n g  motors  s imply  by choos ing  t h e  p r o p e r  t u r n s  
r a t i o  i n  t h e  o u t p u t  t r a n s f o r m e r s  and  p r o v i d i n g  a d e q u a t e  b a s e  
c u r r e n t  d r i v e  t o  a s e t  of s w i t c h i n g  t r a n s i s t o r s .  The p a r t i -  
c u l a r  c i r c u i t  d e s c r i b e d  h e r e  o p e r a t e s  from a d-c power s o u r c e  
of  16 t o  22 v o l t s  t o  d r i v e  a 28 v o l t  s i z e  8 ,  fou r -phase  moto r ,  
r e q u i r i n g  a power of  1.76 w a t t s  a t  a maximum s t e p p i n g  r a t e  of  
100 s t e p s  p e r  second.  Three  s i g n a l  i n p u t s  a re  r e q u i r e d  t o  
c o n t r o l  t h e  s t e p p i n g  r a t e  and t h e  d i r e c t i o n  of  r o t a t i o n .  
DESIGN GOALS 
Below is a list of t h e  g e n e r a l  d e s i g n  r e q u i r e m e n t s  t h a t  
had t o  be m e t  i n  t h i s  d e v i c e :  
(1) Stand-by power shou ld  be less t h a n  1 0  m i l l i w a t t s .  
(2) I n  o r d e r  t o  o b t a i n  t h e  maximum e f f i c i e n c y ,  a l l  motor 
w ind ings  must be powered s i m u l t a n e o u s l y .  
(3) The motor must immediately make one s t e p  i n  t h e  
o p p o s i t e  d i r e c t i o n  upon t h e  a p p l i c a t i o n  of t h e  
f i r s t  s t e p p i n g  p u l s e  f o l l o w i n g  a change i n  d i r e c t i o n  
i n p u t .  
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(4) The u n i t  must be  c a p a b l e  of powering a s t a n d a r d  
28-vol t  motor from a 16 t o  22 v o l t  power s o u r c e .  
(5) The u n i t  must n o t  s p u r i o u s l y  respond t o  5 - v o l t  
peak-to-peak n o i s e  p u l s e s  on t h e  19 -vo l t  (nominal 
v o l t a g e )  i n p u t  l i n e  and 1 v o l t  peak-to-peak n o i s e  
p u l s e s  on t h e  5 -vo l t  i n p u t  l i n e .  
(6)  Any h i g h  f requency  n o i s e  c u r r e n t  p u l s e s  f e d  back 
on t h e  d-c power l i n e s  must be less t h a n  1 m i l l i -  
ampere peak-to-peak. 
ISOLATION REQUIREMENTS: 
Cons ide rab le  emphasis  has  been p l a c e d  on t h e  need t o  have 
good n o i s e  immunity from n o i s e  on t h e  power l i n e s  connec ted  t o  
t h i s  d e v i c e .  T h i s  requi rement  is n e c e s s a r y  because  t h e  motor 
d r i v e n  by t h i s  c i r c u i t  w i l l  be used  i n  an  e a r t h - o r b i t i n g  s a t e l l i t e  
experiment  i n  which many d e v i c e s  are t o  be o p e r a t e d  from t h e  same 
power bus a n d  t h e r e  is no a s s u r a n c e  t h a t  t h e r e  w i l l  n o t  be l a r g e  
n o i s e  p u l s e s  on t h i s  bus.  A l so ,  t h e r e  w i l l  be some modes of 
o p e r a t i o n  i n  which t h e  motor w i l l  be s t e p p e d  t o  a p a r t i c u l a r  
p o s i t i o n  and be r e q u i r e d  t o  remain i n  t h i s  p o s i t i o n  fo r  many 
o r b i t s  of t h e  sa te l l i t e ,  wi thou t  r e spond ing  t o  n o i s e  p u l s e s .  
The emphasis on n o i s e  immunity is a l s o  a r e s u l t  of e x p e r i e n c e  
w i t h  p a s t  c i r c u i t  d e s i g n s  i n  which a l l  t h e  tests conducted 
b e f o r e  s a t e l l i t e  launch  i n d i c a t e d  p rope r  o p e r a t i o n ,  o n l y  t o  
f i n d  t h a t  i n  o r b i t  t h e  equipment o c c a s i o n a l l y  responded t o  n o i s e  
p u l s e s .  Because of these c o n s i d e r a t i o n s ,  it w a s  dec ided  t o  
c o n d u c t i v e l y  i so l a t e  t h e  low- leve l  l o g i c  c i r c u i t s  from t h e  
h i g h - l e v e l  power c i r c u i t s  i n  t h i s  u n i t ;  t h a t  is', e l i m i n a t e  
- 
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t h e  common power c o n n e c t i o n  between t h e  high-and low- leve l  
c i r c u i t s .  T h i s  w a s  accomplished by d e r i v i n g  a 50 KHz low l e v e l  
squa re  wave on a n  isolated-common power s u p p l y  and t h e n ,  by 
t r a n s f o r m e r  c o u p l i n g ,  ampl i fy ing  t h i s  s i g n a l  t o  a l e v e l  s u i t -  
able for  d r i v i n g  t h e  motor .  
PULSE REQUIREMENTS FOR MOTOR 
I n  o r d e r  t o  e x c i t e  a l l  o f  t h e  motor w ind ings  a t  e a c h  s t e p ,  
a b i - d i r e c t i o n a l  c u r r e n t  must be p r o v i d e d  t o  e a c h  winding i n  
t h e  p r o p e r  sequence .  I f  one winding is  l a b e l l e d  A and  t h e  
o t h e r  winding  B ,  and  i f  a c u r r e n t  p u l s e  i n  one d i r e c t i o n  is 
l a b e l l e d  IA or IB, and  a c u r r e n t  p u l s e  i n  t h e  o t h e r  d i r e c t i o n  
- - 
is l a b e l l e d  IA or IB, t h e n  t h e  motor w i l l  ro ta te  i n  one d i r e c t i o n  
w i t h  t h e  f o l l o w i n g  r e p e a t e d  sequence  of p u l s e s :  I A I B ,  IAIBy IAIBy 
~ A I ~ .  The d i r e c t i o n  of  r o t a t i o n  is r e v e r s e d  by d r i v i n g  t h e  wind ings  
w i t h  t h e  c u r r e n t  d i r e c t i o n  t h a t  had j u s t  been a p p l i e d  t o  p l a c e  
- - 
- -  
t h e  motor  i n  t h e  p r e s e n t  p o s i t i o n .  I n  o t h e r  words ,  i f  t h e  motor 
h a s  j u s t  moved t o  t h e  rest p o s i t i o n  a f t e r  t h e  a p p l i c a t i o n  of 
IAIB, it w i l l  r e t u r n  t o  t h e  p r e v i o u s  p o s i t i o n  i f  c u r r e n t s  IAIB 
are a p p l i e d  or it w i l l  s t e p  t o  t h e  n e x t  p o s i t i o n  i n  t h e  same 
- -  
d i r e c t i o n  i f  c u r r e n t s  IAIB are  a p p l i e d .  
PHASE RECOGNITION AND CONTROL CIRCUIT 
F i g u r e  1 is a diagram of a core a r r a y  w i t h  f o u r  n o n - l i n e a r  
and  f o u r  l i n e a r  cores t h a t  are used t o  s e n s e  and s tore  t h e  d i r e c -  
t i o n  of  c u r r e n t  a p p l i e d  t o  t h e  windings  of  t h e  motor  i n  a f i r s t  
c y c l e  of o p e r a t i o n ,  and p r o v i d e  t h e  s i g n a l s  n e c e s s a r y  t o  c o n t r o l  
t h e  d i r e c t i o n  of  c u r r e n t s  r e q u i r e d  t o  s t e p  t h e  motor i n  a second 
-4- 
c y c l e  of o p e r a t i o n .  
A B ,  and A%, where a l e t t e r  wi thou t  a bar o v e r  it r e p r e s e n t s  one 
c u r r e n t  d i r e c t i o n  and  a l e t te r  w i t h  a b a r  ove r  it r e p r e s e n t s  t h e  
other  c u r r e n t  d i r e c t i o n .  The l i n e a r  cores are l a b e l l e d  A ,  A ,  B 
and B ,  where t h e  b a r  and non-bar r e p r e s e n t s  t h e  set and reset 
f l i p - f l o p  i n p u t s  r e s p e c t i v e l y  . 
The n o n - l i n e a r  cores are l a b e l l e d  AB,  X B ,  
- 
- 
The n o n - l i n e a r  c o r e s  are wound w i t h  t w o  sets of series- 
connec ted  fou r - tu rn  windings  (one set  f o r  each motor w i n d i n g ) ;  
a s e r i e s - c o n n e c t e d  set of f i v e - t u r n  wind ings ,  f o r  r e a d i n g  o u t  
t h e  c o r e s ;  and t w o  se ts  of 30 - tu rn  o u t p u t  windings  on each  core, 
for producing a s i g n a l  f o r  s w i t c h i n g  t w o  l i n e a r  cores. Each 
l i n e a r  core h a s  two se t s  of f o u r - t u r n  i n p u t  windings  and a 42- 
t u r n  o u t p u t  winding. A set of d i o d e s  is connected  i n  series w i t h  
each set  of f o u r  o u t p u t  l i n e s  from t h e  n o n - l i n e a r  cores and a 
c a p a c i t o r  is  connected  i n  ser ies  w i t h  each of these  se t s .  The 
30 - tu rn  windings r e t u r n  th rough  an i n d u c t o r  back t o  t h e  t w o  
c a p a c i t o r s .  One of each of t w o  b i a s  resistors is connected  t o  
t h e  common ca thode  connec t ion  of each set of f o u r  d i o d e s  and t h e  
o t h e r  end of each resistor is connected  t o  each s i d e  of a d i r e c t i o n  
c o n t r o l  f l i p - f l o p ,  n o t  shown on t h i s  diagram. 
The number of t u r n s  on t h e  phase A and phase B windings  were 
chosen t o  j u s t  s w i t c h  a l l  of t h e  f l u x  i n  one core w i t h  t h e  sum 
of t h e  t w o  motor winding c u r r e n t s .  I n  t h i s  i n s t a n c e ,  each winding 
r e q u i r e s  30 m i l l i a m p e r e s  f o r  a t o t a l  of 240 m i l l i a m p e r e - t u r n s  on 
t h e  selected c o r e .  T h i s  is enough e x c i t a t i o n  t o  s w i t c h  t h e  c o r e  
i n  abou t  f i v e  microseconds.  
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The c i r c u i t  shown i n  F i g u r e  1 o p e r a t e s  i n  t h e  f o l l o w i n g  way:  
F i r s t  assume t h a t  t h e  motor had been d r i v e n  on a p r e c e d i n g  s t e p  
a n d  one of t h e  f o u r  c u r r e n t  combina t ions  w a s  a p p l i e d  t o  t h e  A 
a n d  B wind ings .  A s s u m e  t h a t  b o t h  c u r r e n t s  were from l e f t  t o  
r i g h t  i n  t h e  diagram of F i g u r e  1. Under t h e s e  c o n d i t i o n s  t h e r e  
w i l l  be a n e t  e x c i t a t i o n  of 240 m i l l i a m p e r e - t u r n s  i n t o  t h e  non- 
dot  ends  of t h e  windings  on c o r e  AB, a n e t  e x c i t a t i o n  of z e r o  
on cores KB and AB,  and a n e t  e x c i t a t i o n  of 240 mi l l i ampere -  
t u r n s  i n t o  t h e  d o t  ends  of t h e  
t i c u l a r  c u r r e n t  combina t ion  w i l l  o n l y  s w i t c h  core AB t o  t h e  
p r o p e r  remanent s t a t e  t o  produce a n  o u t p u t  s i g n a l  when a read 
o u t  p u l s e  is a p p l i e d  t o  t h e  f i v e - t u r n  windings .  The f l u x  i n  
t h e  o t h e r  c o r e s  w i l l  remain i n  t h e  same remanent s t a t e  as  t h a t  
produced  by t h e  f i v e - t u r n  r e a d  o u t  winding .  If t h e  same r e a s o n -  
i n g  is a p p l i e d  t o  t h e  o t h e r  t h r e e  p c s s i b l e  Current c o m b i n a t i o n s ,  
i t  can  be s e e n  t h a t  t h e  f l u x  i n  on ly  one c o r e  w i l l  s w i t c h  f o r  
each c u r r e n t  combina t ion ,  e f f e c t i v e l y  s t o r i n g  t h e  motor c u r r e n t  
p o l a r i t y  i n f o r m a t i o n  i n  t h i s  c o r e .  The selected core w i l l  r e m a i n  
i n  t h i s  s t a t e  of  i n f o r m a t i o n  s t o r a g e  i n d e f i n i t e l y ,  r e a d y  t o  be 
s w i t c h e d  when t h e  n e x t  read out  p u l s e  o c c u r s .  When a read o u t  
p u l s e  a p p e a r s  on t h e  series connected 5 - t u r n  wind ings ,  t h e  p r e -  
v i o u s l y  selected core w i l l  s w i t c h  a n d  a p u l s e  w i l l  be produced 
on t h e  30 - tu rn  o u t p u t  windings of  t h i s  c o r e .  T h i s  p u l s e  w i l l  
c a u s e  c u r r e n t  t o  f low on one of t h e  two o u t p u t  l i n e s .  The par -  
t i c u l a r  l i n e  t h a t  is selected w i l l  depend on t h e  s t a t e  of t h e  
d i r e c t i o n  f l i p  f l o p  a t  t h e  t i m e  of r e a d  o u t .  I f  t h e  c o r e  AB 
swi tched ,  t h e r e  w i l l  be a cho ice  of  p roduc ing  p u l s e  o u t p u t s  on 
wind ings  on c o r e  ZE. T h i s  pa r -  
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l i n e a r  cores A and B or A and B, depending on t h e  desired 
d i r e c t i o n  of motor r o t a t i o n .  A s i m i l a r  i n s p e c t i o n  of t h e  
o u t p u t s  of each n o n - l i n e a r  c o r e  w i l l  show t h a t  a s i g n a l  w i l l  
be produced on t h e  proper  p a i r  of l i n e a r  c o r e s  t o  p l a c e  t h e  
v o l t a g e  c o n t r o l  f l i p - f l o p s  A and B i n  t h e  p rope r  s ta tes  t o  
r o t a t e  t h e  motor one more s t e p  i n  e i t h e r  d i r e c t i o n .  
The choke L s e r v e s  t h e  purpose of l i m i t i n g  t h e  c u r r e n t  
1 
t h a t  f l o w s  when t h e  n o i s e  f l u x  s w i t c h e s  i n  t h e  t h r e e  u n s e l e c t e d  
n o n - l i n e a r  cores d u r i n g  t h e  r e a d o u t  i n t e r v a l .  The v a l u e  of 
t h i s  i n d u c t o r  w a s  chosen t o  be j u s t  l a r g e  enough t o  p r e s e n t  a 
h i g h  impedance l o a d  t o  a l l  of t h e  u n s e l e c t e d  c o r e s  d u r i n g  t h e  
n o i s e  f l u x  s w i t c h i n g  i n t e r v a l  bu t  s m a l l  enough n o t  t o  a f f e c t  
t h e  s w i t c h i n g  of  t h e  t o t a l  f l u x  i n  t h e  selected c o r e .  T h i s  
r e s u l t s  i n  a g r e a t l y  reduced  ampl i tude  of n o i s e  v o l t a g e  pro-  
duced on t h e  o u t p u t  of t h e  l i n e a r  cores. The s i g n a l  and  n o i s e  
p u l s e  o u t p u t s  from a l i n e a r  core measured 6 v o l t s ,  1 . 0  micro- 
second and 0 . 5  v o l t ,  0 .4  microsecond r e s p e c t i v e l y  w i t h  t h e  choke. 
The n o i s e  v o l t a g e  w a s  2 v o l t s ,  0 . 5  microseconds  w i t h o u t  t h e  choke 
I 
The four non- l inea r  cores are commercially a v a i l a b l e  .000125 
i n c h  t h i c k  mo-permalloy tape-wound s t a i n l e s s  s t ee l  bobbin t o r o i d  
cores measuring .2 i n c h e s  0 . D  and .094 i n c h e s  I.D. and . l o 5  i n c h e s  
h i g h ,  e x h i b i t i n g  a t o t a l  f l u x  (-Br t o  +Bm) of 22 Maxwells w i t h  a 
n o i s e  f l u x  of less t h a n  4% of t h i s  v a l u e .  A l l  of t h e  f l u x  i n  t h i s  
core w i l l  s w i t c h  i n  10 microseconds w i t h  a n  e x c i t a t i o n  of 150 
mi l l i ampere  t u r n s .  The f o u r  l i n e a r  cores are commercially a v a i l a b l e  
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.0005 i n c h  t h i c k  mo-permalloy tape-wound s t a i n l e s s - s t e e l  bobbin 
t o r o i d  cores measur ing  0.2 i n c h e s  O . D . ,  .094 i n c h e s  I . D .  and  . l o 5  
i n c h e s  h i g h ,  e x h i b i t i n g  a t o t a l  n o i s e  f l u x  (Br t o  Bm) of  20 Max- 
w e l l s .  A l l  of  t h e  f l u x  i n  t h i s  c o r e  w i l l  s w i t c h  i n  1 . 0  micro-  
s e c o n d  w i t h  a n  e x c i t a t i o n  of 240 m i l l i a m p e r e  t u r n s .  
DESCRIPTION OF BLOCK DIAGRAM 
F i g u r e  2 is a b lock  diagram of  t h e  comple te  c i r c u i t .  T h e r e  
are  t w o  v o l t a g e - p o l a r i t y - c o n t r o l  f l i p  f l o p s  A and B ,  one f o r  e a c h  
motor wind ing ;  a m o t o r - d i r e c t i o n  f l i p  f l o p  C; a moto r -d r ive  p u l s e -  
w i d t h  c o n t r o l  f l i p  f l o p  D; a 50 kHz o s c i l l a t o r ,  c o n t r o l l e d  by 
gate number 1 on f l i p  f l o p  D; f o u r  "and" gates w i t h  i n p u t s  from 
t h e  v o l t a g e  p o l a r i t y  c o n t r o l  f l i p  f l o p s  and  f l i p  f l o p  D ( t h r o u g h  
gate number 1 ) ;  f o u r  a m p l i f i e r s  and  r e c t i f i e r s ,  two p r o v i d i n g  a 
p o s i t i v e  v o l t a g e  and  two p r o v i d i n g  a n e g a t i v e  v o l t a g e ;  a f eed -  
back v o l t a g e  E f b ,  a p p l i e d  t o  a n  RC time c o n s t a n t ;  a n o n - l i n e a r  
core a r r a y  connec ted  t o  t h e  two motor  w ind ings  and t o  a m p l i f i e r  
number 1 and hav ing  o u t p u t s  t o  a l i n e a r  c o r e  a r r a y ;  a l i n e a r  
c o r e  a r r a y  w i t h  o u t p u t s  t o  f l i p  f l o p s  A and  B c o n t r o l l e d  by f l i p  
f l o p  C; a f i v e  microsecond b lock ing  o s c i l l a t o r .  . 
The c i r c u i t  o p e r a t e s  i n  t h e  f o l l o w i n g  way: When power is 
a p p l i e d  f l i p  f l o p s  A ,  B ,  and C w i l l  come up  i n  e i t h e r  s t a t e .  
D i r e c t i o n  f l i p  f l o p  C must be pu l sed  t o  o b t a i n  a g i v e n  r o t a t i o n  
d i r e c t i o n .  The first p u l s e  a p p l i e d  t o  t h e  motor s t e p p i n g  ra te  
i n p u t  w i l l  t r i g g e r  t h e  b l o c k i n g  o s c i l l a t o r  and  d r i v e  a m p l i f i e r  
number 1 for f i v e  microseconds .  The o u t p u t  of a m p l i f i e r  num- 
ber 1 s w i t c h e s  one of  t h e  c o r e s  i n  t h e  n o n - l i n e a r  c o r e  a r r a y  
t h a t  w a s  p r e v i o u s l y  s w i t c h e d  by t h e  p u l s e  c u r r e n t s  t h r o u g h  t h e  
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motor windings  d u r i n g  t h e  p r e c e d i n g  s t e p  of t h e  motor .  Switch- 
i n g  t h i s  core p roduces  a n  o u t p u t  on t w o  of t h e  f o u r  l i n e a r  cores. 
(The p a i r  se lec ted  depends on t h e  s t a t e  of  f l i p  f l o p  C) and 
p l a c e s  f l i p  f l o p s  A and B i n t o  t h e  r e q u i r e d  s ta tes  t o  produce  
t h e  p r o p e r  v o l t a g e  p o l a r i t i e s  t o  t h e  motor wind ings  t o  o b t a i n  
t h e  desired r o t a t i o n  d i r e c t i o n .  A t  t h e  end  of f i v e  microseconds  
motor  d r i v e  p u l s e  wid th  c o n t r o l  f l i p  f l o p  D is se t .  T h i s  c a u s e s  
gate number 1 t o  c l o s e  which starts t h e  50 kHz o s c i l l a t o r  and  
a p p l i e s  a n  i n p u t  s i g n a l  t o  a m p l i f i e r s  2 ,  3, 4 ,  and  5 ,  and  f u r -  
n i s h e s  a d-c bias  t o  t h e  f o u r  "and" gates connec ted  t o  t h e s e  
a m p l i f i e r s .  Two of t h e  f o u r  a m p l i f i e r s  are  gated on by t h e  com- 
b i n e d  gate number 1 a n d  f l i p  f l o p  A and  B i n p u t s .  The o u t p u t  of 
these a c t i v e  a m p l i f i e r s  is a m p l i f i e d  and  t h e n  r e c t i f i e d  i n  t h e  
power a m p l i f i e r - r e c t i f i e r  s t a g e s .  The power a m p l i f i e r - r e c t i f i e r  
d r i v e s  a t r a n s i s t o r  s w i t c h  t h a t  a p p l i e s  t h e  v o l t a g e  of a g i v e n  
p o l a r i t y  t o  t h e  motor. These t w o  s i m u l t a n e o u s  e x c i t a t i o n s  t o  
t h e  motor causes it  t o  r o t a t e  and  a t  t h e  same t i m e ,  t h e  c u r r e n t  
t h r o u g h  t h e  t w o  w ind ings  switches one of  t h e  f o u r  n o n - l i n e a r  
c o r e s  i n  t h e  core a r r a y  which s t o r e s  t h e  i n f o r m a t i o n  t h a t  i d e n t i -  
f i e s  which one of t h e  f o u r  p o s s i b l e  p u l s e  combina t ions  t h a t  h a s  
j u s t  been a p p l i e d  t o  t h e  motor. T h i s  i n f o r m a t i o n  is used  t o  s w i t c h  
t w o  of t h e  f o u r  l i n e a r  cores i n  a n o t h e r  c o r e  a r r a y  t o  set up 
f l i p  f l o p s  A and B when t h e  c y c l e  is r e p e a t e d  on t h e  n e x t  motor 
s t e p .  The p a r t i c u l a r  p a i r  of l i n e a r  cores t h a t  s w i t c h  on t h e  
n e x t  s t e p  depends on t h e  s t a t e  of  motor  d i r e c t i o n  f l i p  f l o p  c a t  
t h a t  t i m e .  
~ 
The d u r a t i o n  of t h e  motor  e x c i t a t i o n  p u l s e  depends p r i m a r i l y  
A 
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on t h e  t i m e  c o n s t a n t  of t h e  RC t i m e  c o n s t a n t  c i r c u i t ,  t h e  mag- 
n i t u d e  nf t h e  referesze vo l t age  (E r e f . )  and  t h e  magnitude of 
t h e  16 t o  22 v o l t  i n p u t .  The r e c t i f i e r s  connec ted  t o  t h e  f o u r  
a m p l i f i e r - r e c t i f i e r s  i n  F i g u r e  2 are connected  t o  wind ings  on 
t r a n s f o r m e r s  i n t h e s e  a m p l i f i e r s .  A s  t h e  16 t o  22 v o l t  i n p u t  
i n c r e a s e s ,  v o l t a g e  E f b  a l s o  i n c r e a s e s .  T h i s  i n c r e a s e  c a u s e s  
t h e  c a p a c i t o r  i n  t h e  RC t i m e  c o n s t a n t  c i r c u i t  t o  c h a r g e  t o  t h e  
comparison v o l t a g e  more q u i c k l y  and  r e s u l t s  i n  a s h o r t e n i n g  of 
t h e  d u r a t i o n  of t h e  motor e x c i t a t i o n  p u l s e .  The c i r c u i t  is 
i n i t i a l l y  se t  up so  t h a t  t h e  motor s t e p s  p r o p e r l y  w i t h  t h e  
i n p u t  v o l t a g e  a t  16  v o l t s .  Then, as t h i s  v o l t a g e  i n c r e a s e s ,  
t h e  motor d r i v e  p u l s e  w i d t h  d e c r e a s e s  l i n e a r l y  t o  p r o v i d e  a 
means of  m a i n t a i n i n g  a c o n s t a n t  ene rgy  i n p u t  t o  t h e  motor .  
The clamp connected  t o  t h e  RC t i m e  c o n s t a n t  r e t u r n s  t h e  v o l t a g e  
across t h e  c a p a c i t o r  t o  zero a t  t h e  end of t h e  d r i v e  p u l s e .  
T h i s  clamp is n e c e s s a r y  i n  order t o  e s t a b l i s h  t h e  same r e f e r e n c e  
v o l t a g e  a t  t h e  beg inn ing  of each t i m e  i n t e r v a l ,  r e g a r d l e s s  of 
t h e  s t e p p i n g  r a t e .  
DESCRIPTION OF SCHEMATIC DIAGRAM 
F i g u r e  3 is a s c h e m a t i c  diagram of t h e  comple te  c i r c u i t  
and  F i g u r e  4 is a diagram of complimentary-symmetry 
f l i p  f l o p  marked WM 555Q i n  F i g u r e  3 .  The l o g i c  and f l i p - f l o p  
c i r c u i t s  are i n t e n d e d  t o  be o p e r a t e d  from a 5 - v o l t  i s o l a t e d  
power s u p p l y  and t h e  power a m p l i f i e r s  from a n o i s y  16  t o  22 
v o l t  s a t e l l i t e  power s u p p l y .  I n  o r d e r  t o  m a i n t a i n  t h e  i s o l a -  
t i o n  of t h e  5 v o l t  s u p p l y ,  it would be d e s i r a b l e  t o  t r i g g e r  t h e  
b l o c k i n g  o s c i l l a t o r  and  t h e  s e t  and reset i n p u t s  t o  t h e  motor 
-10- 
d i r e c t  i o n  c o n t r o l  f l i p  f l o p  th rough  i s o l a t i o n  t r a n s f o r m e r s ,  
e s p e c i a l l y  i f  t h e s e  s i g n a l s  must be  conduc ted  o v e r  a long  d i s -  
t a n c e .  T h i s  c i r c u i t  w i l l  be  used  i n  a s p e c t r o m e t e r  i n  t h e  OSO-H 
s a t e l l i t e  and t h e  t h r e e  i n p u t  s i g n a l s  w i l l  be s u p p l i e d  on iso- 
l a t e d  s h i e l d e d  t w i s t e d  p a i r  l i n e s  from n o n - l i n e a r - c o r e  ground 
command l o g i c  c i r c u i t s  l o c a t e d  i n  a n o t h e r  p a r t  of t h e  expe r imen t .  
The "and" gates, c o n t r o l l i n g  a m p l i f i e r s  2 ,  3, 4, and 5, 
are  made up of t r a n s i s o t r s  Q l O ,  Q 1 3 ,  Q16, and  Q19 w i t h  emitters 
connec ted  t o g e t h e r  and  r e t u r n e d  i n  common th rough  gate number 
1 t r a n s i s t o r  Q 3 .  T h i s  c o n n e c t i o n  p l a c e s  t h e  common emitter 
r e t u r n  of t h e  a m p l i f i e r  t r a n s i s t o r s ,  s u c h  as  t r a n s i s t o r s  QS and 
Q9, t h rough  t h e  c o l l e c t o r - t o - e m i t t e r  r e s i s t a n c e  of t w o  t r a n s i s t o r s  
i n  series.  The 50 kHz s i g n a l  a p p l i e d  t o  t h e  b a s e s  of  t h e  ampl i -  
f i e r  t r a n s i s t o r s  w i l l  n o t  a p p e a r  across t h e  t r a n s f o r m e r  pr imary  
u n l e s s  both  of  t h e  s e r i e s - c o n n e c t e d  gate  t r a n s i s t o r s  are t u r n e d  
on .  
The 50 kHz o s c i l l a t o r  common r e t u r n  is a l so  connec ted  t o  
t h e  c o l l e c t o r  of gate t r a n s i s t o r  Q3. T h i s  c o n n e c t i o n  a l l o w s  
power r e q u i r e d  by t h e  o sc i l l a to r  g a t e s  and  a m p l i f i e r s  t o  be  con- 
sumed on ly  when it is needed d u r i n g  t h e  d u r a t i o n  of t h e  motor 
p u l s e .  
A m p l i f i e r  t r a n s f o r m e r s  T10, T 1 1 ,  T12,  and  T13 s e r v e  t o  
c o n d u c t i v e l y  i so la te  t h e  5 - v o l t  power s u p p l y  common from t h e  
1 9  v o l t  common and  t o  impedance match t h e  50 kHz s i g n a l  from t h e  
first a m p l i f i e r  s t a g e  t o  t h e  power a m p l i f i e r .  
The secondary  winding is segment-wound from t h e  pr imary  
winding  i n  order t o  minimize t h e  c a p a c i t i v e  c o u p l i n g  between 
. ~~~ ~ 
1 1  
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t h e  two windings .  T h i s  method of c o n s t r u c t i o n  e l i m i n a t e d  
most of the stray cc=p l ing ,  ? x t  there was sti l i  a v e r y  small 
d i f f e r e n t i a t e d  s i g n a l  p r e s e n t  on t h e  secondary  even w i t h  t h e  
gate t r a n s i s t o r  o f f .  T h i s  s i g n a l  w a s  caused  by t h e  f a s t  r i se  
a n d  f a l l  t i m e  of t h e  50 kHz s q u a r e  wave a p p e a r i n g  across t h e  
p r imary  and  c o u p l i n g  th rough  t h e  s m a l l  r ema in ing  pr imary- to-  
s econdary  c a p a c i t a n c e .  T h i s  s i g n a l  w a s  e l i m i n a t e d  by l e n g t h e n -  
i n g  t h e  rise and f a l l  t i m e  of t h e  50 kHz s q u a r e  wave w i t h  
c a p a c i t o r s  C 1 5 ,  C16, C 1 7 ,  and C 1 8  a c r o s s  t h e  pr imary  wind ings .  
One s t e p  of t h e  motor w i l l  be described by t r a c i n g  t h e  
sequence  of e v e n t s  from t h e  a p p l i c a t i o n  of a motor s t e p p i n g  
r a t e  i n p u t  p u l s e  t o  t h e  t e r m i n a t i o n  of t h e  motor  p u l s e  w i d t h .  
A p u l s e  a p p l i e d  t o  t h e  b lock ing  o s c i l l a t o r  t r i gge r  i n p u t  w i l l  
c a u s e  t r a n s i s t o r  Q 1  ( F i g u r e  3 )  t o  conduct  f o r  a p e r i o d  of 
f i v e  microseconds  u n t i l  t h e  c o r e  of t r a n s f o r m e r  T1 s a t u r a t e s .  
T h i s  a p p l i e s  a p o s i t i v e  5-vol t  s i g n a l  t o  t h e  base of  t r a n s i s t o r  
Q2 which c a u s e s  it t o  t u r n  o n  and  connec t  t e r m i n a l  1 6  of t h e  
c o r e  a r r a y  module t o  t h e  common r e t u r n  o f  t h e  5 - v o l t  s u p p l y .  
If w e  assume t h a t  t h e  motor had j u s t  been p u l s e d  on t h e  p re -  
c e d i n g  s t e p  w i t h  c u r r e n t s  of t h e  d i r e c t i o n  shown by t h e  arrows 
on t h e  s e r i e s - c o n n e c t e d  f o u r - t u r n  w i n d i n g s ,  t h e  f l u x  i n  t h e  core 
of t r a n s f o r m e r  T 7 (AB) w i l l  have been reset. When t e r m i n a l  
1 6  of t h e  core a r r a y  module i s  connec ted  t o  t h e  5 - v o l t  common 
t h r o u g h  t r a n s i s t o r  Q2, a c u r r e n t  w i l l  f low from t h e  p o s i t i v e  
s i d e  of  c a p a c i t o r  C10, th rough t h e  5 - t u r n  wind ings  and  back t o  
t h e  common r e t u r n .  The f l u x  i n  t h e  core of t r a n s f o r m e r  T7 
w i l l  s w i t c h  and  a v o l t a g e  w i l l  a p p e a r  a c r o s s  t h e  t w o  30 - tu rn  
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s econdary  windings of T7. One of t h e  two s e r i e s - c o n n e c t e d  
f o u r - t u r n  windings on l i n e a r  cores A ,  A ,  B or E ,  w i l l  b e  
p u l s e d  by t h i s  v o l t a g e ,  depending  on t h e  d e s i r e d  motor d i r e c -  
t i o n .  I f  we assume f l i p  f l o p  C is i n  such  a s t a t e  t o  r e v e r s e -  
b i a s  d i o d e  D26, t h e n  d i o d e  D25 w i l l  be z e r o  b i a s e d  and a p u l s e  
c u r r e n t  w i l l  f l o w  i n  t h e  f o u r - t u r n  winding  of  l i n e a r  c o r e s  x and 
B (T4 and T2) .  T h i s  c u r r e n t  w i l l  c a u s e  a v o l t a g e  t o  be  pro-  
duced on t h e  42 - tu rn  windings  of T2 and  T4 and f l i p  f l o p s  A 
and  B w i l l  be reset. T h i s  c a u s e s  A and  of f l i p  f l o p s  A and  
B t o  become p o s i t i v e  and  g a t e  t r a n s i s t o r s  Q 1 3  and  Q19 t u r n  on .  
A l l  of t h i s  o c c u r s  d u r i n g  t h e  f i r s t  one microsecond of t h e  f i v e  
microsecond b l o c k i n g  o s c i l l a t o r  p u l s e .  A t  t h e  end  of  f i v e  micro- 
s e c o n d s  t h e  o v e r s h o o t  of t h e  b l o c k i n g  o s c i l l a t o r  c a u s e s  f l i p  
f l o p  D t o  be reset  and becomes p o s i t i v e .  G a t e  t r a n s i s t o r  
Q 3  conduc t s  and c o n n e c t s  t h e  common r e t u r n  ( p i n  1 )  of t h e  
50 kHz o s c i l l a t o r  module and  t h e  emitters of g a t e  t r a n s i s t o r s  
Q l O ,  Q 1 3 ,  Q16, and  Q19 t o  t h e  power s u p p l y  common. T h i s  a p p l i e s  
a 50 kHz s i g n a l  t o  t h e  i n p u t s  of a m p l i f i e r s  2 ,  3, 4 and 5 s i n c e  
o n l y  a m p l i f i e r s  3 and 5 w i l l  r e s p o n d ,  because  t r a n s i s t o r s  Q11, 
Q12, Q17 and Q l 8  are  t h e  on ly  ones  r e t u r n e d  t o  t h e  power s u p p l y  
common. A m p l i f i e r s  3 and 5 d r i v e  ampl i f  i e r - r e c t i f  ier  c i r c u i t s  
2 and 4 ,  and a 50 kHz s q u a r e  wave v o l t a g e  w i l l  a p p e a r  on t h e  
s e c o n d a r i e s  of t r a n s f o r m e r s  T15 and T17.  T h i s  v o l t a g e  is r e c t i -  
f i e d  by d iodes  D9, D 1 0 ,  D 1 7  and  D 1 8  t o  p r o v i d e  a n e g a t i v e  d-c 
v o l t a g e  t o  t e r m i n a l s  1 and 4 of motor w ind ings  A and B r e s p e c -  
t i v e l y .  Diodes D 1 1 ,  D12, and  D19 and  D20 s u p p l y  a n e g a t i v e  
v o l t a g e  between t h e  emitter and  base of  s w i t c h e s ,  Q29 and  Q31 
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from t h e  c e n t e r - t a p p e d  s e c o n d a r i e s  back t o  t e r m i n a l s  3 and 
6 of motor windings  A and B through t h e  twc sets of four-tiirn 
wind ings  i n  t h e  core a r r ay .  T h i s  r e s u l t s  i n  t h e  a p p l i c a t i o n  
of  t h e  d e s i r e d  v o l t a g e  p o l a r i t y  AB t o  b o t h  motor w ind ings .  
The 21- turn  wind ings  on t r a n s f o r m e r s  T15 and T 1 7  ( i n  t h i s  
example) p r o v i d e  a nominal 10 -vo l t  s q u a r e  wave t h a t  is r e c t i -  
f i e d ,  by d i o d e s  D21 and D22, and a p p l i e d  a s  a 10 -vo l t  d-c 
v o l t a g e  a c r o s s  t h e  RC c i r c u i t  R23 and C 1 1 .  The a b s o l u t e  v a l u e  
of  t h i s  v o l t a g e  w i l l  depend upon t h e  v a l u e  of t h e  16 and 22 
v o l t  d-c i n p u t  v o l t a g e  a p p l i e d  t o  t h e  pr imary  of t r a n s f o r m e r s  
T15 and  T17. C a p a c i t o r  C 1 1  c h a r g e s  th rough  r e s i s t o r  R23 u n t i l  
t h e  v o l t a g e  across i t  r i s e s  t o  a v a l u e  s l i g h t l y  l a r g e r  t h a n  t h e  
base v o l t a g e  ( E r e f )  of t r a n s i s t o r  Q 5 .  T r a n s i s t o r  Q6 w i l l  beg in  
t o  conduct  when t h e  v o l t a g e  a c r o s s  C 1 1  exceeds  E r e f ,  and t r a n s -  
i s t o r  Q4 w i l l  t u r n  on. T h i s  c a u s e s  motor p u l s e  wid th  c o n t r o l  
f l i p  f l o p  D t o  be  set  which t u r n s  o f f  g a t e  t r a n s i s t o r  Q 3  t o  
s t o p  t h e  50 kHz o s c i l l a t o r  and t e r m i n a t e  t h e  motor e x c i t a t i o n .  
A p o s i t i v e  v o l t a g e  is a p p l i e d  t o  t h e  base of  clamp t r a n s i s t o r  
Q 7 ,  when f l i p  f l o p  D is se t ,  d i s c h a r g i n g  c a p a c i t o r  C 1 1  i n  p r e p a r -  
a t i o n  f o r  t h e  n e x t  motor p u l s e .  I t  can be s e e n  t h a t  t h e  t i m e  
r e q u i r e d  f o r  t h e  v o l t a g e  across c a p a c i t o r  C 1 1  t o  r e a c h  t h e  
r e f e r e n c e  v o l t a g e  w i l l  be a f u n c t i o n  of t h e  v o l t a g e  E f b ,  i . e . ,  
t h e  h i g h e r  t h i s  v o l t a g e ,  t h e  s h o r t e r  t h e  t i m e .  T h i s  r e s u l t s  
i n  t h e  a p p l i c a t i o n  of a r e l a t i v e l y  c o n s t a n t  e n e r g y  p e r  s t e p  
t o  t h e  motor even though t h e  power s u p p l y  v o l t a g e  is v a r i e d .  
I t  is a l so  obv ious  t h a t  t h e  l e n g t h  of t h e  p u l s e  a t  a g i v e n  power 
s u p p l y  v o l t a g e  may be a d j u s t e d  by changing  t h e  v a l u e  of t h e  
r e f e r e n c e  v o l t a g e  a p p l i e d  t o  t h e  base of  t r a n s i s t o r  Q 5 .  Diode 
I 
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D $ i s  u sed  f o r  t e m p e r a t u r e  compensa t ion .  T h i s  d i o d e  changes 
t h e  r e f e r e n c e  v o l t a g e  i n  t h e  same d i r e c t i o n  and  amount a s  
r e c t i f i e r  d iodes  D21 and D22 change t h e  f e e d  back v o l t a g e  w i t h  
a m b i e n t  t e m p e r a t u r e  v a r i a t i o n s .  
A f requency  of  50 kHz w a s  chosen  f o r  t h e  o s c i l l a t o r  i n  
o r d e r  t o  be able t o  u s e  s m a l l  s i z e  t r a n s f o r m e r s  and keep  t h e  
weight  and  volume of t h e  u n i t  t o  a minimum. The c o r e  i n  t r a n s -  
f o r m e r s  T10, T11, T12, and T13 is a f e r r i t e  t o r o i d  measur ing  
.375  i n c h e s  O . D . ,  .188 i n c h e s  I . D .  and  ,125  i n c h e s  t h i c k .  The 
c o r e  4-n t r a n s f o r m e r s  T14, T15, T16 and  T17 is a 1/2 m i l  t h i c k  
mo-permalloy t a p e  on a s t a i n l e s s  s tee l  bobbin t o r o i d  measur ing  
.320 i n c h e s  O . D . ,  .134 i n c h e s  I . D .  and  .160 i n c h e s  t h i c k .  A 
check of t h e  e f f i c i e n c y  of  a l l  of t h e  c i r c u i t s  o p e r a t i n g  on t h e  
16  t o  22 v o l t  power s u p p l y  w a s  per formed by p l a c i n g  910 ohm 
one w a t t  resistors i n  p l a c e  of t h e  motor  windings  and  s imul -  
t a n e o u s l y  measur ing  t h e  power d i s s i p a t e d  i n  t h e  r e s i s t o r s  and t h e  
power f u r n i s h e d  by t h e  16  t o  22 v o l t  power s u p p l y  a t  a ra te  of 
100 p u l s e s  per second.  The r a t i o  of peak power o u t p u t  t o  peak 
3 w a t t s  
power i n p u t  a t  a v o l t a g e  of 19 v o l t s  w a s  3.28 w a t t s  O r  an  
e f f i c i e n c y  of 92%. The same measurement made a t  16  and 22 v o l t s  
showed an  e f f i c i e n c y  of b e t t e r  t h a n  9% a t  e a c h  v o l t a g e .  
ELECTRICAL AND MECHANICAL SPECIFICATIONS 
The comple te  u n i t  h a s  t h e  f o l l o w i n g  s p e c i f i c a t i o n s :  
(1)  Stand-by power r e q u i r e m e n t s :  
( a >  5 v o l t  i n p u t :  7 m i l l i w a t t s  
( b )  19 v o l t  i n p u t :  0 m i l l i w a t t s  
(2 )  Power i n p u t  a t  a motor s t e p p i n g  ra te  of 100 s t e p s  
p e r  s econd  : 
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(3) 
( a )  5 v o l t  i n p u t  w i th  19 v o l t s  on t h e  o t h e r  
power i n p u t :  50 m i l l i w a t t s .  
(b)  19  v o l t  i n p u t :  1 .273  w a t t s  
Noise i n p u t  t o l e r a n c e :  50 v o l t  i n  series w i t h  
1 9  v o l t  common w i l l  n o t  
c a u s e  a f a l s e  t r i g g e r .  
(The n o i s e  immunity of t h e  
5 v o l t  i n p u t  w i l l  depend 
on t h e  i s o l a t i o n  of t h e  
power supp ly  and  s i g n a l  
i n p u t ) .  
High f r equency  conducted n o i s e  on any power l i n e  
from t h e  u n i t :  1 m a  
Minimum a m p l i t u d e  i n p u t  s i g n a l s  a t  -2OOC: 
( a )  S t e p p i n g  r a t e  i n p u t :  -2 .5  v o l t s ,  1 microsecond.  
(b)  Motor d i r e c t i o n  i n p u t  : +2 .0  v o l t ,  1 microsecond.  
I n p u t  impedance: 
( a )  S t eppfng  r a t e  i n p u t :  10K ohms. 
(b)  Motor d i r e c t i o n  i n p u t :  10K ohms. 
The motor p u l s e  w i d t h  w i l l  change no more t h a n  10% 
o v e r  t h e  t e m p e r a t u r e  range  of  minus 20 d e g r e e s  C .  t o  
+60° C .  when d r i v i n g  a motor a t  t h e  same ambient  
t e m p e r a t u r e .  
S i z e :  approx ima te ly  2 3/8" x 2 3/8" x 7/8" 
Weight:  app rox ima te ly  55 grams 
V i b r a t i o n :  15 G ,  5 t o  2000-cps .  
Tempera ture :  minus 20 d e g r e e s  t o  p l u s  60 d e g r e e s  
C e n t i g r a d e .  
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CONCLUSIONS : 
The c i r c u i t  d e s c r i b e d  i n  t h i s  pape r  c o u l d  be d e s i g n e d  
t o  c o n t r o l  a lmos t  any s t e p p i n g  motor r e q u i r i n g  a n  a v e r a g e  
power of  t h e  order of two w a t t s ;  h i g h e r  powers t h a n  t h i s  would 
r e q u i r e  a d d i t i o n a l  a m p l i f i c a t i o n  of t h e  50 kHz s q u a r e  wave. 
The c i r c u i t  c o u l d  be changed t o  accommodate a w i d e  r a n g e  of 
d-c i n p u t  o r  motor v o l t a g e s ;  i n  o u r  case it w a s  c o n v e n i e n t  
t o  be a b l e  t o  u s e  a 28 -vo l t  motor. Motors w i t h  a d d i t i o n a l  
p h a s e s  cou ld  be d r i v e n  by changing  t h e  number of cores i n  t h e  
c o r e  a r r a y  t o  i n c l u d e  one n o n - l i n e a r  core f o r  each c u r r e n t  
combina t ion .  An e i g h t - p h a s e  motor c o u l d  be d r i v e n  by a d d i n g  
t w o  more p o w e r - a m p l i f i e r - r e c t i f i e r  o u t p u t s ,  one a d d i t i o n a l  
f l i p  f l o p ,  t w o  more l i n e a r  and  f o u r  more n o n - l i n e a r  cores. 
T h i s  would p r o v i d e  t h e  n e c e s s a r y  8 combina t ions  of c u r r e n t s  
t o  3 motor w ind ings .  
Core c i r c u i t s ,  similar t o  t h e  o n e s  used  i n  t h i s  motor 
c o n t r o l ,  have proved q u i t e  r e l i a b l e  i n  s p a c e  env i ronmen t s .  
If t h e y  are p r o p e r l y  f a b r i c a t e d  t h e y  are  rugged  and  re l iab le .  
A l l  o f  t h e  m u l t i p l e - c o r e  l o g i c  c i r c u i t s  t h a t  w e  fabr icate  are  
wound as a u n i t  i n  such  a way s o  as  t o  e l i m i n a t e  a l l  j o i n t s  i n  
t h e  w i r e .  A s  a n  example,  t r a n s f o r m e r  T6 ( F i g u r e  3) has two 
30  t u r n  secondary  wind ings .  The f i n i s h  end  of each of these 
windings  is l e f t  l ong  enough t o  wind f o u r  t u r n s  on t w o  of t h e  
l i n e a r  c o r e s .  I n  t h i s  way t h e r e  are no j o i n t s  i n  t h e  w i r e  
e x c e p t  a t  t h e  anode of d i o d e s  D23 and D24 a t  one end and t h e  
h e a d e r  t e r m i n a l  a t  t h e  o t h e r  end .  A l l  of t h e  s e r i e s - c o n n e c t e d  
windings  o n  c o r e s  T6 ,  T7 ,  T8 and T9 are a l s o  wound t h i s  way. 
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